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Abstract

The generation and transmission maintenance scheduling (GTMS) problem, in a
competitive electricity market environment, presents electricity utilities
scheduling their facilities for maintenance to improve productivity and maximize
profits, and an independent system operator (ISO) pushing for maintenance
schedules (MS) of generators and transmission facilities that keep the system
reliability and minimizes operation cost. Thus, the GTMS is inherently a high-
dimensional, non-linear, non-convex, and multi-objective optimization problem
that contains mixed integer-real variables and conflicting objectives related to

the goals of the different parties in the market.

The GTMS problem is crucial in power systems operation and planning due to the
increasing complexity of today’s power grid, the aging of current operating
electricity facilities, and the increasing share of renewable energy in the network
and the market. In that sense, this thesis proposes to solve the GTMS problem
using hybrid models that combine in a novel way multi-objective evolutionary
algorithms (MOEAs) and classical optimization techniques to obtain a set of

feasible non-dominated MS solutions.

These hybrid models solve the GTMS problem in systems with thermal, hydro, and
wind generation, handling maintenance and operation variables separately and
sequentially, considering transmission congestion and losses, the opportunity cost
in the future of water stored in reservoirs, the stochastic nature of wind
generation and the impact of MS in electricity prices in the market. The models
used match accepted industry maintenance practices with cutting-edge
optimization techniques developed in the academia. The models are evaluated in
the IEEE-RTS 24 test system, complemented with hydro units and wind farms
belonging to two Bolivian electricity utilities. GENCQ’s profits, system adequacy,
and operation costs are used as objective functions, and their conflicting
relationships are evaluated in the obtained set of MS solutions. Finally, the models
allow the ISO to use this set to identify the best MS solution using the technique
for ordering preferences according to similarity to an ideal solution (TOPSIS)

decision-making tool.
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The symbols listed below are reserved for a specific use, unless specified

otherwise in any section where their meaning is different. Other symbols may be

used throughout the dissertation in an unreserved fashion.
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b Demand block or sub-period of demand
l Transmission line or transformer
e Water reservoir
t Period of analysis (week)
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Vie: Wit Availability binary variables of thermal unit j at time ¢t
xf’ Maintenance starting time of thermal unit j
9 Thermal unit j’s binary intermediate availability variable at
st time t
Iﬁ-ﬂ Power output of thermal unit j at time t (MW)
f}‘,gb,t Power output of thermal unit j in subperiod b at time t (MW)
P, Vector of power output of thermal generation units at time ¢
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Xt Maintenance starting time of hydroelectrical unit i
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Power output of hydroelectrical unit i in subperiod b at time t
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Vector of power output of hydro generation units (MW)
Hydroelectrical unit i water discharge in subperiod b at time t
(Hm3)

Final volume of reservoir e at time t (Hm3)

Initial volume of reservoir e at time t (Hm3)

Water spilled of reservoir e at time t (Hm3)

Maintenance starting time of transmission line [

Transmission line [’s binary intermediate availability variable at
time ¢

Line [ real power flow in subperiod b at time t (MW)

Vector of transmission lines real power flows at time t (MW)
Network power losses at time t as a function of generators
power output (MW)

Transmission losses at time t as a function of generators power
output assigned as additional loads to each node (MW)

Line [ losses in subperiod b at time t (MW)

Vector of transmission losses assigned as additional loads to
each node at time t (MW)

Power Losses Auxiliary Matrix

Nodal power losses sensitivity matrix

Electricity price in subperiod b at time t (USS/MWh)
Electricity price in node n in subperiod b at time ¢t (USS/MWh)
Electricity spot price in node n at time t (USS/MWh)

Penalty factor at node n at time t

Penalty factor at node n in subperiod b at time t

Cost to go Function in the future for using water in the present
(USS)

Lagrange multiplier Variable (USS/MWh)

Nodal prices vector in subperiod b at time t (USS/MWh)
Vector of Nodal Energy Prices during subperiod b at time t
(USS/MWh)



Th ¢ System marginal cost during subperiod b at time t (USS/MWh)
Vector of System Marginal Cost during subperiod b at time t
7lo.e (USS/MWh)
NF, Nodal Penalty Factor in node n at time t
[NF]p Vector of Nodal Penalty Factors during subperiod b at time t
Uyt Congestion cost of line [ at time t (USS/MWh)
Vector of transmission lines congestion cost during subperiod b
sl at time ¢t (US$/MWh)
Ve t+1 Water cost-to-go dual multiplier at time t + 1 (US$/Hm3)
MS, Market merchandising surplus (USS)
U, Uplift or extra cost of operating a constrained electricity
system (USS)
gu Payments made in an unconstrained electricity market by
‘ DISCOs (US$)
E, Adjusted payments made in a constrained electricity market by
DISCOs (USS)
R Revenues made in an unconstrained electricity market by
GENCOs (USS)
R, Adjusted revenues made in an constrained electricity market by
GENCOs (USS)
AR, Extra revenues made by GENCOs in a constrained electricity
market (USS)
F¥ Unconstrained system operation cost (USS)
Ff Constrained system operation cost (USS)
F, Adequacy Index (%)
F, System total operation cost (US$)
F Profits of GENCO G (USS)
dm Diversity Measure
Dy Diversity Performance Metric
Parameters
M Total Number of Objective Functions
H Number of reference points of the NSGA Il method
Np Number of individuals in the population
p Number of partitions considered along each objective function
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Pe
Pm
h(?)

Crossover probability

Mutation probability

Diversity Array

Crossover probability distribution index
Mutation probability distribution index
Random Number between [0, 1]

Integer Random Number

Duration of maintenance of thermal unit j

Earliest start of maintenance of thermal unit j

Latest start of maintenance of thermal unit j

Duration of maintenance of hydroelectrical unit i

Earliest start of maintenance of hydroelectrical unit i
Latest start of maintenance of hydroelectrical unit i
Duration of maintenance of line [

Earliest start of maintenance of line [

Latest start of maintenance of line [

Renewable generation in node n during subperiod b at time ¢t
(MW)

Power Demand at node n at time t (MW)

Electricity demand at node n in subperiod b at time t (MW)
Electricity demand in subperiod b at time t (MW)
Maximum electricity demand in node n at time t (MW)
Maximum electricity demand at time t (MW)

Maximum generation output of thermal unit j (MW)
Minimum generation output of thermal unit j (MW)
Maximum generation output of hydroelectrical unit i (MW)
Minimum generation output of hydroelectrical unit i (MW)
Sensibility Matrix row corresponding to node n

Sensibility matrix at time t

Resistance of transmission line [ (pu)

Vector of resistances of transmission lines and transformer (pu)



Incidence matrix that relates nodes and generators in the

[Sg]
system
s Incidence matrix relating connections with their respective
nodes
i Maximum capacity of transmission line [ (MW)
fimn Minimum capacity of transmission line [ (MW)
prax Maximum volume at reservoir e (Hm3)
pmin Minimum volume at reservoir e (Hm3)
utr Maximum water turbinated of hydroelectrical unit e (Hm3)
ymin Minimum water turbinated of hydroelectrical unit e (Hm3)
Aot Water inflow in reservoir e at time t (Hm3)
G Number of Generation Companies
N Number of nodes in the system
Ng Number of thermal generation units
Nh Number of hydroelectrical generation units
NI Number of transmission lines
Ne Number of reservoirs considered
Nb Number of demand sub-periods considered
T Duration of the period under analysis
Generation cost curve coefficients of unit j given in (MBtu/h),
Co j,C1j, Cyj

(MBtu/MWh) and (MBtu/MW"2h), respectively

B;x,Boj, Boo  Transmission network loss coefficients

ij Thermal unit j fuel price (USS/MBtu)
cjg Unit j marginal generation cost (US$/MWh)
Cfb Unit j marginal generation cost during subperiod b (USS/MWh)
Cot Water Spilled cost in reservoir e at time t (US$S/Hm3)
C]-,gt Maintenance cost of thermal unit j at time t (USS)
FCj, Fixed Cost of thermal unit j at time t
The Duration of sub-period b at time t (hrs)
R™in Minimum reserve margin (MW)
N™in Minimum number of units available
Pi Productivity factor of hydro unit i (MW/Hm3)
SRy, Percentage of spinning reserve during subperiod b and time t
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AEP Annual Energy Production

ANN Artificial Neural Network
ASCE The American Society of Civil Engineers
ASF Argument Scalarization Function
ATM Adaptive Trade-off Model

B&B Branch-and-bound

BLX-a Blend Crossover

cC Correlation Coefficient

CcD Crowding Distance

CVR Close Value Range

FCF Future or Cost-to-go Function
DC Direct Current

DD Dual Dynamic Method

DISCO Distribution Company

DP Dynamic Programming

DS Dual-Simplex Method

EA Evolutionary Algorithms family
ED Economic Dispatch

ENS Energy not Supplied

ERA Electricity Regulation Agency
GA Genetic Algorithms

GP Goal Programming

GENCO Generation Company
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constraints
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GSO Group Search Optimizer
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ICF Immediate cost Function
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CHAPTER 1

INTRODUCTION

1.1 Background

In today’s electricity markets, cutting operations and maintenance (O&M) costs
and preserving service security and adequacy are among the top priorities for
network operators and planners, energy authorities, and electricity companies.
On the other side, electricity network assets’ health and proper operation require
constant monitoring and routine preventive maintenance to increase their life
span. Maintenance timing and duration are critical parameters that define
maintenance and operation costs. In that sense, how much maintenance do assets
require involves a trade-off: too much of it and the facility becomes uneconomical
to own, too little of it and the facility runs at the risk of breaking down involving
expensive overhaul works. It is perceived that careful planning and good
coordination among electricity utilities and system operators in a restructured
power system, are essential to determine a maintenance schedule of electricity
facilities that guarantee an optimal trade-off between utilities’ cost reductions

and electrical service reliability.

Electricity utilities have evolved from a reactive ‘‘break and fix” towards a
preventive maintenance approach [1]. The business-as-usual practice of
preventive maintenance is equipment being replaced or overhauled as they age
or on a schedule recommended by their manufacturers. This approach has been
facilitated by many maintenance systems developed for the purpose, which
consider important network planning aspects as well. In the quest to continually
reduce the cost of asset maintenance, new asset management technologies offer
realistic and tangible near-term benefits, but not without navigating and
overcoming some hurdles related to assets monitoring. This progress in assets
management techniques leads to predictive maintenance practices based on
condition monitoring technologies. Predictive maintenance is a big step forward

in the evolution of asset management and involves moving from planned
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preventive maintenance to a state where required maintenance is predicted, and
course of actions are prescribed by asset-tracking systems. There are clear gains
for utilities to move in this direction, such as (i) getting ahead of equipment
failures to avoid major breakdowns, outages, or replacement of perfectly good
parts when not required, (ii) having a greater understanding of what kind of
maintenance is required and the personnel and tools needed to perform it. Asset
focus maintenance systems of this calibre provide knowledge that drastically
improve repair time and effectiveness. However, electricity assets preventive
maintenance deals with power system planning and operation, while predictive

maintenance is more asset-focused.

Generation and transmission maintenance schedule is an important part of a
power system operation planning. In centralized electric power systems,
traditional maintenance is determined by the system operator and imposed on a
single utility that handles the generation, transmission, and distribution of
electricity in a system. Maintenance programs in this structure rely heavily on
duration, timing, costs, and manufacturer recommendations. After the
restructuring of the power industry in many countries, vertically integrated
utilities were divided into several generation (GENCO), transmission (TRANSCO),
and distribution companies (DISCO), which compete in an electricity market to
supply the demand. In this competitive electricity market environment, each
utility determines its maintenance schedule considering its particular interests,
related to assets overhaul and replacement, to achieve profit maximization. This
makes maintenance scheduling of electricity facilities more challenging.
Considering the broad array of assets for which utilities are responsible —
transformers, transmission lines, generators, protective devices — and the risks
associated with asset failure, a reliable maintenance strategy is a priority for the
electricity industry. As a consequence, it is the task of the Independent System
Operator (ISO) of the network to ensure that the maintenance scheduling
programs proposed by utilities do not conflict with each other and put at the same
time at risk the reliable supply of electricity to the final consumers at the

minimum cost.

This thesis focuses on preventive maintenance scheduling of generating units and

transmission facilities, the most important parts of electric power systems, in a
13



market environment. Preventive maintenance is perhaps the single largest
controllable cost for utilities and a factor that determines the adequate and
secure supply of electricity to final consumers. In that sense, the thesis tackles
the maintenance scheduling problem to allow utilities to make profits, ensure
equipment availability and up-time, improve the adequate supply of the
electricity service, and most importantly, reduce the system operation costs.
While the maintenance scheduling problem is dealt considering the impact of
renewable energy and its effect on market prices, the proposed solution does not

consider voltage and frequency stability issues.

1.2 Drivers for Better Maintenance Scheduling Techniques

The electrical industry is one of the largest and most capital-intensive sectors of
the economy of every country. What is more, the electric power generation and
transmission industry is changing rapidly. A shift in ownership has occurred from
regulated utilities to competitive suppliers. Furthermore, cleaner and more fuel-
efficient power generation technologies are becoming available and their impact
on the energy supply needs to be considered. In that sense, the present research

has been defined considering the following motivations.

1.2.1 Deregulated electricity market

The restructuring of the electric power industry has resulted in market-based
approaches for unbundling a multitude of services provided by self-interested
entities such as many GENCOs and DISCOs, few TRANSCOs, an ISO. As these entities
operate in a deregulated electricity environment, market competition has created
additional challenges for them to choose proper operational planning procedures
for scheduling their equipment maintenance [2]. The choice must consider
coordination between long-term and short-term maintenance schedules. It must
also take into account complex cost-revenue trade-offs related to evaluating the
impact of maintenance outages on the finances of electricity utilities and in the

secure and adequate operation of the system.
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There is an increasing need to apply mathematical numerical methods to
coordinate the maintenance of electricity facilities belonging to different
electricity companies, which are competing in an electricity market. To do so,
complete datasets related to electricity assets and companies’ policies are
needed, representing a huge amount of information. As electricity utilities are
separated and have different interests, this information may be unattainable or
quite difficult to acquire. What is more, electricity utilities may be unwilling to
share or report their sensitive information as it is not strategically correct to do
so, but the information may be important for safekeeping the secure supply of

electricity to final consumers.

Therefore, mathematical multi-objective and classical optimization techniques
based on decomposition methods are advantageous to develop acceptable
maintenance strategies and support the ISO on deciding the best maintenance
schedule for the whole system. This is possible because of the dramatic
improvements in computing technology in recent times, that have allowed power
engineers to solve large-scale complex problems efficiently. In this way, a
maintenance scheduling strategy can be developed for the whole electrical system

so that end users can enjoy a reliable and cheap supply of electrical energy.
1.2.2 NPower system adequacy and security

Many countries are facing huge costs associated with electricity supply
disruptions, which have a great impact on the Loss of Load Probability (LOLP) or
Energy not Supplied (ENS) indicators, as well as the level of investment needed to

maintain and upgrade their electricity assets.

The reliability of a power system can be interpreted as satisfying two major
functions: adequacy and security. A system is adequate when the amount of
capacity of resources to meet the peak demand is available at all times. On the
other side, a system is secure when the system can withstand changes or
contingencies on a daily and hourly basis.
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To ensure the security and adequacy of a power system, electricity generation
and transmission assets must be kept working properly. Because of the expected
near-term retirement of many aging generators and transmission lines, many
utilities in the world face a significant need for continuous maintenance of existing
facilities and the replacement or overhaul of ageing ones. Large electricity

utilities may invest significantly in refurbishing and replacing existing assets [3].

For instance, according to the U.S Department of Energy, it is estimated that
power quality disturbances and outages cost the economy from US$25 to US$180
billion annually. These costs could soar if they become more frequent or of longer
duration, especially due to the replacement or maintenance of old equipment [4].
It is estimated that the U.S. network worth almost USS 876 billion, thus
modernizing it would cost hundreds of billions of USS. With nearly 75% of
transmission lines and transformers are 25 years or older, outdated infrastructure
is frequently cited as the biggest threat to the US energy supply. The American
Society of Civil Engineers (ASCE) estimated in 2011 that maintaining this

infrastructure would require $673 billion of new investment by 2020 [5].

Furthermore, The Telegraph reported that coal power plant breakdowns and low
wind power outputs force National Grid Company (NGC) in the UK to pay for dozens
of businesses to reduce their energy usage [6]. Britain was forced to rely on last
resort measures to keep the lights on for the first time on the 4 of April 2018 after
coal power plants broke down and wind farms produced less than 1% of the
required electricity. NGC blamed the power crunch on “multiple plant
breakdowns”. Several aging coal-fired power plants had unexpected maintenance

issues and temporarily shut down, reducing available supplies.

What is more, the International Electrotechnical Commission’s (IEC) Strategic
Assessment of Power Networks White Paper [7], has surveyed electricity networks
in many countries to get a snapshot of the age of their assets. The results are

shown in Figure 1.1.

16



nt of equipment

Permcentage for total amount of eguipment
J v s ~

Percentage for total amouw

Developing Nations Developed Nations

Figure 1.1 Typical electricity asset’s age around the world (years) [5].

As it can be seen, 25% and 17% of electrical equipment are between 21-25 years
old in developing and developed nations, respectively. Furthermore, much of the
electrical equipment is more than 25 years old. Considering that transmission
lines and electrical generators life span are around 25 to 30 years, it possible to
say that electricity facilities around the world are reaching their useful life and
will need overhauls, more frequent maintenance and even complete replacement.
As a result, a new framework needs to be developed so that these activities can

be done while preserving the security and adequacy of the system.

1.2.3 Impact of renewable energy

Many networks in the world have been designed primarily for transmitting
electricity from distant large conventional power plants, like coal and natural gas,
to load centres. However, today new technologies are making this approach to
electricity transmission increasingly outdated. Electrical energy is now being
produced by many types of renewable sources, like solar and wind, and the grid
needs to adapt to accommodate them. This is especially crucial as renewable
energy continues to boom and solar and wind power grow rapidly across the world.
If current power systems is lack behind, countries could run under the risk of over-
relying on conventional sources of energy rather than taking the advantage of
renewable energy sources that meet energy demand with cleaner energy. This
involves taking parts of the network out of service for replacement and overhaul

works, that require time and may affect the reliability of the energy supply.
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On the other side, renewable energies also have a significant impact on energy
security due to the stochastic nature of their electricity generation. Since the
recent developments of renewables worldwide are extremely rapid, it is
imperative to analyse how the variability of their generation can impact the
energy security to supply the demand, especially considering situations when

several electricity facilities are going through maintenance coincidently.

The benefits of renewables are significant. They can diversify the energy mix and
the sources of supply, localize energy production, and reduce import requirements
and costs. Renewables have less complex supply chains and are fuel-free
technologies that reduce CO2 emissions and long-term price volatility. According
to [8], the growth of renewable energy in Europe since 2005 has led to the
reduction of natural gas domestic production and imports from foreign markets as

shown in Figure 1.2. This trend is expected to continue in the future.
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Figure 1.2 Production of renewable energy and natural gas in OECD Europe
(2005-2020).
However, the dependency on large shares of renewable energy sources implies a
paradigm shift for the secure supply of electricity. The classical risks associated
with fossil fuels are replaced by risks related to the availability of natural
resources such as water, biomass, wind, and sunlight. For instance, hydropower
faces annual variations in precipitations, and it is exposed to the risk of droughts.
The fluctuating availability of wind and sunlight leads to more rapid and
pronounced swings in the electricity produced from these sources and a
challenging demand balance of the whole system. The rapid rise of renewable

generation sources is adding new challenges for maintaining system reliability and

18



in the required adaptation of the existing electrical infrastructure to these
situations. This last issue may demand long periods of overhaul and replacement
of electricity assets, which will have a critical impact on the reliability of the

system.

1.3 Objectives

A new framework is required to coordinate long-term maintenance activities
among different utilities and the ISO in deregulated electricity markets, where
different types of generation technologies are being used, especially renewables
which generate clean energy with a great variability characteristic. This
coordination of the multiple interactions among the utilities and the ISO is critical
to avoid that scheduled outages of the elements of the network and/or
unexpected low level of generation from renewable energy sources put the

reliable supply of electricity to consumers and sensitive loads at risk.

1.3.1 Overall aim

The overall aim of this project is to develop a singular approach to solve the long-
term generation and transmission maintenance scheduling (GTMS) problem in a
deregulated electricity market environment, by combining in a novel way classical
optimization techniques with Multi-Objective Evolutionary Algorithms (MOEA) and
that considers a profitable operation of GENCOs in the market, allows the ISO an
adequate operation of the grid at the minimum cost, is robust against renewable
energy uncertainties and permits the identification of the best maintenance

schedule (MS) considering the electricity industry present practices.

1.3.2 Specific objectives

The specific objectives to achieve the above aim are the following:

a) To understand and combine different classical and multi-objective optimization
techniques to develop a generation and transmission maintenance scheduling

tool or model.
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b) To determine the competitive relationship between the objectives of GENCOs
and the ISO in a deregulated power system while determining feasible
maintenance scheduling solutions for generators and transmission facilities.

c) To evaluate the impact the generation and transmission maintenance schedules
have over electricity prices in a deregulated electricity market.

d) To consider the stochastic nature of wind generation and water inflows of
reservoirs of hydroelectrical units during the development of the maintenance
scheduling tool.

e) To incorporate current electricity utilities practices in the maintenance

scheduling tool to make it attractive to be used in the industry context.

1.4 Thesis outline

This introduction chapter is followed by six additional chapters, an appendix and

reference sections.

In Chapter 2, a literature review is presented, where different single and multi-
objective optimization techniques used, in the academia and in the electricity
industry, to tackle different generation and transmission maintenance scheduling

(GTMS) problems are described and analysed.

Chapter 3 presents the mathematical formulation of the generation and
transmission maintenance scheduling problem for the present research project,
identifying the variables involved and describing the objective functions and

constraints considered for three different scenarios.

The newly proposed methodologies for solving the GTMS problem in the three
scenarios is presented in Chapter 4, putting emphasis on the codification of the
maintenance schedules (MS) solutions in the context of genetic algorithms, and on

the strategy and code designed to solve the problem.

Chapter 5 presents information regarding the three scenarios defined. The test
networks, generation units’ technical characteristics, demand values, electricity

facilities maintenance requirements and the parameters of the classical and multi-
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objective optimization techniques used to evaluate the methodologies to solve

the GTMS problem are described in this chapter.

In Chapter 6, an analysis of the numerical results obtained from applying the
proposed methodologies to solve the maintenance scheduling problem in the
different power system scenarios are shown. A description of the conflicting
relationship among the objectives of various players in the electricity market, the
methodology effectiveness for finding feasible non-dominated MS solutions, and

the effect of these solutions in electricity prices is done.
Finally, Chapter 7 present a summary of the research project findings, highlighting

its contributions, and suggesting future work to be done in the field of

maintenance scheduling of electricity facilities.
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CHAPTER 2

LITERATURE REVIEW

This chapter begins with a discussion on the definition of maintenance and the
various types of maintenance strategies. This is followed by a description of the
electricity industry organization and typical activities carried out in a deregulated
market environment. Next, the general modeling considerations for the GTMS
problem in typical power systems problems are presented. A more substantial
literature review follows on multi-objective optimization techniques, including
objective functions’ normalization methods, constraints handling techniques, and
genetic operators found in the literature. The chapter closes with a review of
GTMS solution approaches applied so far in the literature and the industry,
including the use of classical and multi-objective evolutionary algorithms (MOEAs)

optimization methods.

2.1 Maintenance

Maintenance of engineering systems involves planned and unplanned actions
carried out to keep, repair, overhaul or replace a facility to restore its operation
to an acceptable condition [9]. The objective of maintenance is to ensure
engineering systems availability, efficiency, and operation quality at a low cost to
keep system lifespan, safety, low energy consumption, and to avoid the adverse
effects of breakdown [10]. In electricity industry terms, poorly maintained
generators and transmission facilities may lead to random breakdowns causing

unavailability, loss of revenues, and electricity service interruption.

There are a variety of classifications of maintenance in the literature according
to strategic plans and philosophies [11]. The main types of maintenance involve
an unplanned breakdown and planned preventive, condition-based and reliability-

centered maintenance as shown in Figure 2.1 [12]:
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Figure 2.1 Classification of different types of maintenance activities [13] [11].

Unplanned breakdown or corrective maintenance takes place only after
breakdowns have occurred or whenever a failure takes place. Corrective
maintenance philosophy follows a ‘‘break and fix” approach and maintains the
engineering systems or facilities by exception. However, this results in
unscheduled downtimes and an increase in maintenance work effort. At the same
time, it is very costly in terms of execution, it shortens the lifespan of equipment
and, under hazardous system operation conditions, unpredicted failures that

generate breakdown can be fatal.

To avoid these issues, planned or preventive scheduled maintenance is designed
to maintain electricity facilities at scheduled intervals throughout their lifespan.
Maintenance is planned, according to manufactures’ recommendations, utilities’
operation and financial goals and planning requirements of the systems where the
facilities belong too. Maintenance activities are dependent on the time when they
start and on their duration. Depending on the size and technical characteristics of
the facilities, and the complexity of the maintenance works, preventive
maintenance may require many days, weeks, or months [13]. While this type of
maintenance keeps and increases the lifespan of electricity facilities, it represents

an important cost for utilities and presents a more planned-focused approach.

To prevent these, it becomes necessary to predict the failure of components inside
a facility sufficiently in advance, so that the performance of equipment can be
optimized and enhanced, and maintenance expenditure can be reduced. These
are the objectives of condition-based maintenance, which are fulfilled by constant
facility monitoring to identify upcoming failures so maintenance can be

proactively scheduled when it is needed and not before. To predict the failure
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into the future, the maintenance system constantly monitors the facility
symptoms, analyses their trends, and makes a decision as to the possible
existence, location, cause, and severity of the fault. This condition monitoring
feature triggers maintenance within a long enough time before failure, so
maintenance works can be finished before the asset fails or its performance falls
below an optimal level. To do this, an expensive but reliable means of facility
condition monitoring and diagnosis system, capable of handling uncertain data and
incomplete information, is used [13]. Even though the condition monitoring
maintenance facility-focused approach improves the lifespan and operation of a
facility, it involves unpredictable maintenance periods and cannot detect easily

fatigue or uniform wear failures.

Finally, reliability-centered maintenance is a concept of maintenance planning
that ensures maintenance works are performed in an efficient, cost-effective,
reliable, and safe manner. Its successful implementation leads to an increase in
cost-effectiveness, reliability, facility uptime, and a greater understanding of the

level of risk that the facility owner is managing [11].

Besides the type of philosophy is used, maintenance demands some understanding
of the structure and operation of the facility and of the general concepts of
diagnosis and maintenance works. What is more, maintenance activities should be
carried out according to a strategic plan, which must be consistent with the vision,
mission, and objectives of the utility, owner of the engineering facilities. In that
sense, a maintenance strategic plan considers strategic choices made concerning
organization structure, maintenance methodologies, supporting systems, and
outsourcing. Once selections are done, yearly long and medium-term plans are
designed considering utilities’ goals achievement, and maintenance tools and
workforce availability. These are followed by a short-term plan where
maintenance activities are scheduled for implementation followed by
performance measurements for continuous feedback improvement, as shown in
Figure 2.2 [14].
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Figure 2.2 Maintenance Strategy Plan [14].

To be more precise, long-term maintenance planning involve periods from 5 to 10
years and aims to identify how the maintenance strategy will align itself with the
goals and targets of the utility which owns the electricity facilities. Middle-term
maintenance planning cover a period from 1 to 5 years and includes the use of
forecasting and planning tools used to understand how external factors can affect
the achievement of the goals and when maintenance should be scheduled. The
short-term maintenance planning stresses the strong dependency between
maintenance resource management and scheduling, and how their interaction
influences the achievement of the maintenance goals in monthly, weekly, or daily
basis. In the implementation stage, the highly technical and intense labour nature
of maintenance activities is recognized. Therefore, strategic decisions related to
the organization and scheduling of maintenance works, planning of maintenance
resources, and availability of workforce can be made effectively. In that way, the
unavailability of the facilities due to maintenance can have a minimum effect on
the utilities’ operation and a measurement of the maintenance results can be
performed to evaluate the maintenance strategy. It is important to recognize that
each step in the maintenance strategy plan represents an input to the next step.
The performance of the maintenance is used as input to the long-term planning
to adjust, if necessary, the strategy of the utilities to achieve their goals so that

maintenance activities are viewed as an investment, rather than a costly activity.

Maintenance scheduling plays a very important part in electrical power systems
since operation and planning activities are directly affected by it [15, 17]. In
power systems, major components like generators and transmission lines, require
periodical maintenance. The main decision variables in the generation and

transmission maintenance scheduling (GTMS) problem are usually the availability
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and operation status of electricity facilities and power generation outputs [9].
This dissertation deals specifically with planned preventative maintenance during
medium-term planning, to prevent electricity facilities failure or breakdown. The
costs of electricity facilities’ downtime resulting from avoidable outages can reach
values ten or more times greater than the ones corresponding to their
maintenance costs [13]. Still, preventive maintenance makes electricity utilities
incur in considerable expenses and its coordination in a market environment
presents a challenge to the ISO when planning and operating the electricity
system. It requires top equipment, skilled labour, constant stocking of
replacement parts and, more importantly, coordination mechanisms among all the

utilities participating in the electricity market [13].

2.2 Power Systems Problems

The electricity industry is focused on three main activities, namely generation,
transmission, and distribution [15, 16]. Traditionally, the industry has been
organized in two general structured manners. Figure 2.3a illustrates the first
model which corresponds to the traditional monopoly, where the utility integrates
all the activities mentioned above. The flow of electrical energy goes from the
monopolistic utility to consumers, who pay for the electricity supply. On the other
side, Figure 2.3b shows a deregulated power system, with many generation
companies (GENCOs) competing to sell energy to many distribution companies
(DISCOs) using the network of few transmission companies (TRANSCOs). The
economic transactions and interactions among these players take place in a
wholesale electricity market. An independent system operator (ISO) oversees the
secure operation of the system by coordinating the generation activities of
GENCOs with the evolution of the demand at a minimum cost. At the same time,
DISCOs or retailers buy electrical energy on the wholesale market and resell it to
consumers who do not wish to participate in the market directly. In this scenario,
electrical energy flows from GENCOs to the consumers through TRANSCOs and
DISCOs electrical infrastructure. Payments made by consumers go to DISCOs or
retailers, who in turn pay for the energy they buy from GENCOs in a wholesale

electricity market [13].
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Figure 2.3 Regulated vs deregulated power systems.

Many countries like the United Kingdom, the United States of America, Canada,
Australia, New Zealand, Chile, Argentina, Bolivia, Peru, Colombia, and the
Scandinavian region, have deregulated electricity industries. South Africa still has
a regulated power system that is solely controlled by the parastatal electricity

company [17].

At the same time, each electricity industry type has a different impact in terms
of generation and transmission maintenance scheduling planning used. In a
deregulated power system, where independent GENCOs and TRANSCOs have self-
interested objectives, maintenance of generation and transmission facilities need
to be coordinated due to systems constraints like network congestion, losses,
energy demand, and system reliability requirements; to find optimal or feasible
maintenance schedules [15]. The functional separation of transmission and
generation creates operation and planning problems related to scheduling of
maintenance works. Additional bottlenecks arise in transmission maintenance as
more challenging and complex unit commitment and dispatch problems may need
to be solved to comply with the constraints of the system in terms of congestion
and losses. Hence, maintenance schedules must be coordinated by the ISO to
ensure reliable and economical electricity service. In a deregulated electricity

industry environment, the ISO should cancel or reschedule planned transmission
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and generation outages and solve conflicts between the GENCOs and TRANSCOs
regarding maintenance schedules so that final consumers can enjoy a cheap and

reliable supply of electricity at all time.

2.2.1 The Unit Commitment Problem

Unit commitment (UC) optimization is among the most important and critical
problems in planning power industry facilities outages. It seeks to determine the
optimal schedule and a production level for the available generating units over an
interval of time, subject to a given load and system constraints [18]. To “commit”
a unit can be interpreted as turning a generation unit on or bringing it into
operation so that it can deliver power to the network [19]. The reason for not
simply committing all the available power generating units, to ensure full
satisfaction of the demand, is the exorbitant cost of keeping a power generating

unit online unnecessarily.

Usually, the objectives of the UC problem include minimizing operating costs,
minimizing emissions, or maximizing the demand satisfaction capability [20]. The
objective of minimizing operating costs typically consists of minimizing
production, maintenance, start-up, and shut-down costs [20,19]. Classical
optimization methods that have been used to solve the UC problem include
extensive enumeration, heuristic priority list (merit order) scheduling, dynamic
programming (DP), Lagrangian relaxation and the branch-and-bound (B&B)

methods.

The priority listing method initially arranges the generating units based on the
lowest variable operation cost. The predetermined list is then used for UC such
that the system load is always satisfied during the analysis [20, 21]. The
application of the method is straightforward, but as the number of units increases

in the system, it becomes more difficult to apply.

Dynamic programming is the earliest optimization-based method to be applied to
solve the UC problem. It breaks into stages the problem so that the searching

process of the optimal solution can be done either in a forward or backward
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direction, meaning that the search can start at the beginning or at the end of the
period of analysis. Its essence is for the total running cost of supplying a certain
amount of MW of load with Nt generating units to be a minimum, the load on MW
carried by unit j must be such that the remaining load on MW is carried by the
remaining units also at minimum cost. It has the advantage of being able to solve
problems of a variety of sizes and easily modified to model characteristics of
specific electricity facilities [18], [20]. Dynamic programming is relatively easy
to add constraints that affect system operation at a given time. Its main
disadvantages are the requirement to limit the commitments considered at any
time and its suboptimal treatment of minimum up and downtime constraints and

time-dependent startup costs [21].

In [22] an approach for solving the UC problem based on the B&B method is
presented, which incorporates all time-dependent constraints and does not
require a priority ordering of units. To use it, the objective function and the

constraints of the UC problem must be defined, stating the linear and the integer

variables, as shown in expressions (2.1), (2.2), and (2.3):
F=Min¥l_, ¥, ¢ (v, PO™" + PY) (2.1)
Subject to the following load balance equality constraint:
yﬁl(lfj,teg'mm + PJ%) = Yh=1 Pg,t + ftloss(Pjﬂ) ; Vvt (2.2a)

And subject to inequality constraints related generation capacity limits and

integer variables:

0 <P§ < p9™m* — pome® A A ) (2.2b)
P9 —V; (PO™™ —PI™M <0 5 VL,Vj (2.2¢)
~BL =W (BT =B <0 5 wYj (2.2d)
Vit +W;: <0 ; Vt, Vj (2.2e)

Where:
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P? Variable power output of thermal unit j (MW).

J,t
PZ, Power Demand at node n at time t (MW).
P Maximum Capacity of thermal unit j (MW).

Pjg’mi” Fixed minimum Capacity of thermal unit j (MW).
loss(p9g Network power losses at time t as a function of generators power
Lt jt

output (MW).

N Number of nodes in the system.

Nt Number of Thermal Units in the system.

Vie Wie Availability binary variables of thermal unit j at time ¢ [0, 1].
T Period under analysis.

Since the present dissertation addresses the GTMS problem in the medium-term,
constraints related to start-up, downtime and ramping limits generation units’
constraints need to be considered. The advantage of the B&B approach is that it
solves efficiently large size mixed integer-linear programming problems (MILP).
The GTMS problem should ideally be solved in conjunction with the UC problem,
but it is often solved independently, in which case the GTMS problem’s solutions

are used to formulate availability constraints in the UC problem [15].

2.2.2 The Economic Dispatch Problem

The Economic Dispatch (ED) problem seeks to determine the optimal output from
the available generation units to meet the expected electricity demand at the
lowest possible cost, subject to various electrical system constraints. Several
techniques are available to solve the ED problem. They depend on the
characteristics of the power system, the nature of the generation technologies,
and the assumptions made before solving the problem. Important aspects of this
optimization problem are the generation cost of individual units, which are not
proportional to the generation level of the corresponding units, how the power
systems are geographically spread out, the transmission losses, the demand
patterns, the generation units’ availability, commitment, and the power flows
within the system. As a matter of fact, the ED problem is typically modeled as a
subproblem of the UC problem [21].
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In that sense, the objective function of the ED optimization problem can be
expressed as the minimization of total fuel cost over a given period, so that units’

power outputs become the variables of the following optimization problem [23]:
F=Min$L SV Fe = MinE1y BV [Coj, + CyBY + oy (BY) ] (2.3)
Subject to equality constraints related to the energy balance in the system:

NOPI =N PE +flo(PY) 5 vt (2.40)

And subject to inequality constraints related to generation capacity limits:

Where:
ij’t Unit j power output at time t (MW)
Co j,C1j,C2; Generation cost quadratic curve coefficients of unit j in (USS/h),

(USS/MWh) and (USS/MW"2 h) respectively.

In terms of the GTMS problem, the following optimization techniques were

considered, studied, and used during the elaboration of the research project.
a) Lambda-Iteration Method for single node system
In a Lambda Iteration Method (LIM), lambda A is a Lagrange multiplier variable

introduced while solving the constrained ED optimization problem by linearizing

equation (2.3). This is done by formulating a Lagrange function as follows:
L=3 F, + A(Zytlpﬂt Loss(p gt) YN PE) vt (2.5)

The derivatives of the function with respect to each power output P]gt and A results

on a system of equations known as optimality conditions of the problem [21]:
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. arloss(pd
oL _ OF +/1<1 _ ft (Pj,f)> =0 ; Vj (2.60)

g g g
an,t [)Pj't [)Pj’t

oL
3= 2B — fless(BY) — PR =0 (2.6b)
To account for transmission losses, the losses coefficients of a network are used,

which relate the power output of each generation unit with the power losses in
the system [24]:

o (B) = Zit ER2a B BiwhPey + Xj21 B Boj + Boo 5 Yt (2.7)

Where:

B;x, Byj, By, Transmission network loss coefficients

The optimal dispatch is reached when the incremental costs of running each unit

are equal:

aF, +Aaftl°55(Pig,t) _0R, _I_Aaftl"ss(Pflt) o +Aaftl°55(Pft) — 1 - vt (2.8
g g — 350 g = =550 g = ’ ( . )
ap7, apY, apg, apg, opY, Py,
So that:
oF; 1
A=—1 (2.9a
77, | o) )
an’t
U 2 yN PO B, +B 2.9b
or7” = 22k=1Pi Bjx + Bo, (2.9b)

Therefore, to solve an ED problem the above system of equations must be solved
sequentially, applying the LIM algorithm detailed in Figure 2.4 as follows [21].

First initial values P]gt of generation outputs are assumed so that the demand of

the system is met. Then, the incremental losses corresponding to each generation
loss

output % are found. Next, the value of power losses is updated and the new
1,t

values of A and generation outputs I;:gt are determined using the set of equations

corresponding to the optimality conditions. The old and new values of power
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outputs are compared with each generator and, if they are less than a tolerance

value g, the process ends; otherwise, it is repeated until the condition is fulfilled.

Set each Pgj so that:
Pg1+Pgtz+...+Pgi=Pd

l

o Determine dfloss Pgj
for each unit

Determine Ploss using:
floss=Pd-(Pg1+Pg2+...+Pygj)

Find & and Pgt.new, Pg2.new,...,Pgjnew
by solving Solve the set of equations
AFjiFPyj=A(1-Ffie=s/2P gj)
that makes -

P g1,newe+ Py 2,new+. ..+ Pyj,newtflos==Pd

Figure 2.4 Lambda Iteration Algorithm considering power losses [21].

The main advantages of this technique are that it is easy to implement, and the
results can be found in few iterations. However, the technique is not suitable
when considering constraints related to network congestion and hydro-generators
with water storage capacity.

b) Linear Programming for thermal ED with network constraints and losses

When dealing with network constraints, an ED becomes an optimal power flow
problem which is solved using linear programming techniques related to Dual-
Simplex method. In such a problem, the objective function and the respective
constraints are formulated as linear functions. In case of the objective function,

the new linear formulation used is shown in equation (2.10):
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Fo = Min}i_ X%, ¢/ P (2.10)

Where:

ng Unit j marginal generation cost (US$/MWh)

The demand balance and the generation capacity limit constraints can still be
represented as shown before in equation (2.4a) and inequality (2.4b) respectively.
Furthermore, to add the transmission lines capacity limits, the following set of

constraints are added to the problem:

11 = 181 [19P91. = (P41 + 3 UseNiFIF2l) | < (1A 5 ve  @.1)

Where:

[f]¢ Vector of transmission lines power flows at time t (MW).

[f] Sensitivity matrix relating the increase of power flows in transmission
facilities with a marginal increase of power injection in a particular node.

P%], Vector of nodal demand at time t (MW).

P9], Vector of power output of thermal generation units at time t (MW).

[
[
[Sg] Incidence matrix that relates nodes and generators in the system.
[St] Incidence matrix relating connections with their respective nodes.
[

r]  Vector of resistances of transmission lines and transformer (pu).

To consider the losses quadratic function in the problem, two approaches can be
considered. The first one, involves determining power losses in a line in terms of
the power flowing through it from one of its nodes to the other. In that sense, by
making the necessary simplifications to the power flow equations to have a DC-
flow [25, 26], power losses f,f;’ss in a particular line [ can be expressed as shown

in equation (2.12):

2
it =n(fir) ; vt (2.12)
Where:
fie Power flow in line [ at time t (MW).

7 Resistance of line [ (pu).
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From this equation, it is possible to represent the power losses component of
equation (2.4a) as additional nodal loads, with a magnitude of half the value of

the power loss of a line that connects two nodes, as shown in Figure 2.5.
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Figure 2.5 2-Transmission facility’s power flow with losses.

[F1oss]e = S [@11F2]e = 5 [ISelr1If2]: ; vt (2.13)

Where:
[f!oss], = Vector of transmission losses assigned as additional loads to each node
at time t (MW).

0] = Power Losses Auxiliary Matrix.

Therefore, to consider power losses in the power flow calculation, a DC flow is
performed first to determine the initial power flows in lines and the power losses
as well. Then, power losses are included as additional loads to the respective
nodes in the network and a new and final DC flow is performed under this new
condition [27, 28].

A second way to tackle the losses problems involves using successive linearization
around a point in the equality constraint (2.4a) related to the quadratic power
loss function [27]. The power losses’ quadratic function can be linearized using

Taylor expansion as follows [29]:

aflOSS(Pg)

[Foss ], = [Fos], + [LoCD] [sq1(pot, - (P01 ve  (2.14)
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Deriving the power losses on expression (2.13) with respect to the power output

results in equation (2.15):

artoss(p] _ 1
[ apd ] = [012[f [apg 1:[Bl: = o] (2.15)
Where:

[¢]; = Nodal power losses sensitivity matrix at time t.

[f*]:= Initial power flow vector on each line at time t (MW).

By manipulating equations (2.175) and (2. 14), it is possible to rewrite the constraint

in equation (2.4a) as follows:
S P+ BN Pl = N PR+ BN {[F7], + [0le[Sgl([P9]: — [P 10 }ivt (2.16)

In the same way, transmission line capacity limits constraint in (2.117) can be re-

expressed as follows:

81| 15910P91e = (P4 + £ 1 + Tl ISgl 1P ~ [P'10))| < [IF1] 5 ve (2.17)

This last set of inequalities represent the linear cuts that are added to the
optimization problem after each iteration until a condition related to a tolerance

value ¢ is met [29]:
[p]:[Sgl([P9]: — [P97]) < e ; vt (2.18)

c) Bender Decomposition for hydro-thermal ED with network constraints and

losses

The objective of the hydro-thermal power dispatch is to schedule the water
turbinated by cascade hydroelectric units with water storage regulation capacity in
their reservoirs so that the minimum operation cost is achieved during a period
under analysis. This involves solving an ED problem in different instants of time,

which are coupled together by water reservoir equilibrium constraints [29]. The
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decision tree shown in Figure 2.6 represents the possible consequences of the use

of water in time.

use water

Rationing

Schedule

spillage

save water

Figure 2.6 Decision tree of a hydro-thermal power system [29].

The ISO has the choice to use the water today to generate electricity to achieve a
reduction of the thermal generation costs or to keep the water for future use. If
the decision is to use the water in the present time and expect high water inflows
in the reservoirs in the future due to a wet season, then the operation is efficient.
However, if the water inflows are very low due to a dry season, enough water will
not be able to be stored in the reservoirs, so more and expensive thermal generation
might be used. Moreover, if the present decision is to keep water for its future use
by using today more thermal generation, and if the future water inflows are high,
then spillage of water or waste of stored energy will happen. However, if there are
very low water inflows in the future, the water storage in the damns could be used
to generate cheaper electricity in the future and even prevent the rationing of

electricity.

In that sense, hydrogeneration has an opportunity cost of water associated to the
thermal generation displaced in time. As it is seen in Figure 2.7, if a larger amount
of water is used during the present stage the immediate cost (ICF), associated to
thermal generation, and the water stored for the future decrease, increasing the
future operation cost or cost to go function (FCF), and vice versa. Then an optimum
decision in terms of operation cost of the system must be found by minimizing the

sum of the immediate cost and cost to go functions during the planning horizon.
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Figure 2.7 Immediate and cost-to-go functions in a hydro-thermal power system

at a given time.

To include all these aspects in the hydro-thermal ED problem, the objective

function on expression (2.19) can be re-written as:

Fe = Min 3%, 6P + a(veqs) ;Vt (2.19)
At the same time, the optimization problem needs to be complemented by adding
the hydroelectrical generation variables and new constraints related to reservoirs
water balance and hydroelectrical units’ capacity limits into the formulation as
follows:

h ph h .
Y PG+ EM Pl = N Pl + N 0 (B Pl) 5 vt (2.20)

Nb Nh Nh Ne _ .0 .
Vet T+ Ybo1 [ i=1 Uipt — Yiz1 ui,b,tl + Ser — Ye=1 Set = Ver +aer Ve,V (2.20Db)
€D, i€, €Y,

(81 [[Sg][Pg P! = (P41e + [£1955°], + TolISgl(1P¢ P! = P9 PY'10) )| < [I71;

: V), vt (2.20d)
p™n < ph < phmax ViVt (2.20e)
uMt <y, < ux ;o ViVt (2.20f)
yin <y, , < pIax : Ve, vt (2.20g)
0<Sg <0 ; VeVt (2.20h)
Py = uyep; ; ViVt (2.20i)
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Where:

P/, Hydro Generation of unit i at time t (MW).

ve: Final volume of reservoir e at time t (Hm3).

ve, Initial volume of reservoir e at time t (Hm3).

a..  Water inflow in reservoir e at time t (Hm3).

u;¢  Hydro unit i water discharge at time t (Hm3).

Ser  Water spilled of reservoir e at time t (Hm3).

b, Set of hydro units connected to reservoir e (Hm3).

0, Set of hydro units upstream to reservoir e (Hm3).

Y, Set of reservoirs upstream to reservoir e (Hm3).

a(vy441)Cost to go Function in the future for using water in the present (USS).
Pi Productivity factor of hydro unit i (MW/Hm?3).

[P"], Vector of power output of hydro generation units (MW).

v™m  Minimum Volume of Reservoir e (Hm3).

v***  Maximum Volume of Reservoir e (Hm3).

u™™  Minimum volume of water turbinated by hydroelectrical unit i (Hm3).

u***  Maximum volume of water turbinated by hydroelectrical unit i (Hm3).

The formulation of this ED problem takes into account hydroelectrical units with
water storage capacity only, ignoring pumped-storage or run-of-river hydro

generators who are not consider at all during the present analysis.

To tackle this coupled in-time ED problem, two classical optimization approaches
are used the most in the literature. The first involves the use of dynamic
programming. It requires the period under analysis to be divided into intervals
denominated stages. Then, using a recursive calculation technique, the best
decision for each stage is found according to a defined objective function [16,
30]. The optimality of each decision is based on Bellman Optimality Principle,
which implies that an optimal policy has the property that whatever the initial
stage and initial decision are, the remaining decisions must constitute

an optimal policy with respect to the state resulting from the first decision [21].

To apply these concepts, the hydro-thermal ED problem is broken up into small

subproblems, each one corresponding to a period or stage. The optimal decision
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of the current stage depends on a series of decisions related to water used for
hydro generation in future stages. The future decisions depend strongly on the
current decision, and both have a direct impact on the overall total operation
cost. At the same time, the water levels in each reservoir are discretized in states
and all possible combinations of hydro-thermal power outputs that render a
particular final water volume in each reservoir at each state are analyzed. This
discretization results in a linear piecewise approximation to the real cost-to-go
function. Using this approach, the ED problem is solved from the last decision
stage using a recursion process. The optimal solution in a stage balances the
decision on that stage with future stages. Consequently, the immediate operation
costs are the thermal generation costs necessary to meet the load in a stage. Part
of the demand is supplied by hydro generation according to future operation
decisions, and the remaining is met using thermal generation. The disadvantage
of dynamic programming is that each reservoir water level at each stage needs to
be discretized in states. Thus, as the number of reservoirs increase, the number
of possible states and variables in the problem increase as well. These, in turn,
increases the computational calculation effort to solve the ED problem

exponentially [31].

To tackle this ‘‘curse of dimensionality’’ problem associated with dynamic
programming, a dual dynamic approach can be used. This approach is based on
the observation that the cost-to-go function can be represented as a piecewise
linear function, which does not need the discretization of the water levels in the
reservoirs. The slope of the cost-to-go function around a given point corresponds
to the expected water cost, which is given by the simplex multipliers associated
with, the water balance constraints stated in (2.20b). In that sense, first, a
forward iteration is made without any consideration of the amount of water being
used. After reaching the last stage, a backward iteration is done, adding piece-
wise linear cost-to-go cuts, relative to each reservoir, as new constraints to the

optimization problem. These cuts are shown in expression (2.21) [32].

A(Vey1) + Ve v1 Ver = Fron + Vetr1 Vor ;Vt, Ve (2.21)
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Again, a new forward iteration is done with the new constraints or cuts added
during the last backward iteration. In that way, for each stage, cost-to-go

functions are created for each reservoir as shown in Figure 2.8 [29].

piecewise future cost
surface for stage T-1

1 2 1T G

Figure 2.8 Calculation of the piecewise cost-to-go function on stage T — 1 [29].

The process ends when the total cost of the economic dispatch of the last forward
iteration is equal to the total operation cost determined during the last backward
iteration. The main advantage of this approach is that it allows many reservoirs
to be considered in the system without the need of increasing the computation
effort during the calculation. However, when dealing with water inflows to
reservoirs, stochastic variables are added to the problem. Thus, when planning
the system operation to solve a hydro-thermal ED problem, a set of historical
water inflows to reservoirs are needed to apply forecasting methods and
determine an expected total cost of operation of the system during a given period

of time.

2.3 Stochastic Nature of Renewable Energy

Long-term hydro-thermal-wind operation planning is, by nature, a stochastic
problem as the incremental water inflows to reservoirs and the wind speeds are
uncertain. This leads to the use of Stochastic Dynamic Programming (SDP) or
Stochastic Dual Dynamic Programming (SDDP) techniques to solve the ED problem.

In either case, the way literature deals with these uncertainties is broad.

2.3.1 Water Inflows Forecast Methods

The inflow to the reservoir is seasonal and depends on the variation in the rainfall

pattern, due to climate change. Specific tools and techniques from different
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disciplines are required to face the stochastic nature of inflows and making
decisions and real-time reservoir operation rules for existing or proposed projects.
Forecasting of water inflow to a new reservoir and modeling of the historical
behavior of an existing reservoir can be accomplished through different simulation

models.

For instance, in [30] a set of monthly historical water inflows in a reservoir are
adjusted to a normal distribution. The probability of each water inflow scenario
is determined and used to find the expected cost-to-go function in each state
during the dynamic programming calculation. In [31], a Hull algorithm is used to
solve the SDP for each water inflow scenario and an expected cost-to-go function
is found as well. In the same way, [33] uses Monte Carlo analysis to sample the

different water inflow scenarios when calculating the cost-to-go function.

On the other side, forecasting modeling approaches are used to make hydrological
models to provide input data to the SDDP or SDP. For example, [34] uses the
Hydrologiska Byrans Vattenbalansavdelning (HBV) hydrology model to optimize the
use of the hydro resource over time, given a current reservoir volume, fuel prices,
consumption, and the expected water inflow its uncertainty. Due to the
autocorrelation effect on the long-term storage of hydro resources and of snow
accumulation, the effect of the initial hydrological condition can be seen well into
the next year of the forecasted period. On the other hand, the parameters that
characterize the water inflows like mean, standard deviation, asymmetry, and
temporal correlation, usually present a periodical behavior during a year. That is
why in [35], these sequences are analyzed using periodical autoregressive models
(ARP) of order 1, so that all the present and past correlation information among
water inflows are held in the correlation with the previous period of analysis. In
this way, the autocorrelation is reduced exponentially in the model as the number
of linear autoregressive periods of analysis increases. However, a potential
drawback of using a periodic model in this application is that the model often

requires the use of a substantial number of parameters.

In [36], an Artificial Neural Network (ANN) approach for forecasting long-term
reservoir inflow using monthly inflow available data and applying a Levenberg-

Marquardt Back Propagation (LMBP) algorithm has been used to develop a model
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for the Sultan Mahmud hydropower reservoir in Malaysia. In developing the ANN
model, different networks with different numbers of neuron hidden layers were
tested. To evaluate the accuracy of the proposed model, the Mean Squared Error
(MSE) and the Correlation Coefficient (CC) were employed. The results show that
in the end, the network could forecast the testing data set with great accuracy.
However, an important disadvantage with this approach is the need for training

of the neural network and the testing that needs to be done to check results.

In [37], a Monte-Carlo approach was applied to study the water inflow impact on
the performance of both single and multi-reservoir systems. In doing so, artificial
statistics for the monthly inflow time series of each reservoir system and the
probability distributions, quantitative reliability, vulnerability, and resiliency
standards were analyzed in different simulation and optimization models
considering damns in the Karum river in Iran. The results of the operation criteria
analysis indicated that, for the operation of the whole system, the best
quantitative reliability, vulnerability, and resiliency values were in the optimized
single-reservoir model, and the best time reliability value was in the optimized
multi-reservoir model. Moreover, the inflow uncertainty had a minimum and

maximum impacts on the reliability and resiliency criterias respectively.

The main impacts of climate change have been addressed globally over the last
decades. As far as water resources are concerned, a warmer climate would
accelerate the hydrological cycle and alter the intensity and timing of rainfall.
The resulting decline in rainfall may reduce net recharge and can affect water
levels. A decrease in winter precipitation could reduce the total seasonal
precipitation and can impose greater water stress [38]. In that sense, [39]
considers these issues by applying a first-order stationary Markov model, which
assumes a stationary mean, standard deviation, and lag 1 correlation for the
historical and generated water inflow data for the simulation of annual stream
flows and reservoir inflows. Seasonal models are introduced, in which the seasons
can be any intra-annual period variation and the inherent periodicity adds on
stationarity in the data. The model is tested in the Karappara stream flow and
Idamalayar Reservoir inflow in the Kerala state in India. The results show that the
first-order Markov model addressing the non-stationarity is a better alternative

recommended for this situation since it models reservoir management problems
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and optimizes water usage through SDP. This model can be effectively used in
hydrological design to define the capacity of a reservoir and in simulations of the

performance of a reservoir by using several sequences of generated data.

2.3.2 Wind Speeds Forecast Methods

Many methods for predicting wind speeds in the short term have been published
in the past. Probability models are proposed in the literature for addressing the
natural variability of wind resources which include air and terrain characteristics,
mean, cut-in and cut-out wind velocities, Weibull probability distribution function

parameters to predict wind velocities in a period.

For example, in [40] an hour-by-hour optimum schedule of hydro-thermal-wind
power (HTWGS) stations is used to attain the least emission of pollutants from
thermal plants and a reduced generation cost of thermal and wind plants for a 24-
hour period, while satisfying the system constraints. The paper presents a detailed
framework of the HTWGS problem and proposes a modified particle swarm
optimization (MPSO) algorithm for finding a solution. Appropriate mathematical
models are used to represent the water discharge, generation cost, and pollutant
emission of the power stations incorporated in the system. Statistical analysis is
performed by adjusting wind speeds historical data to a Weibull probability

density function.

In the same way, the study in [41] presents a framework to assess the wind
resource potential of a wind turbine using uncertainty analysis. It uses probability
models for tackling the natural variability of wind resources that include air
density, mean wind velocity and associated Weibull parameters, surface roughness
exponent, and error for prediction of long-term wind velocity based on the
measure-correlate-predict method that depends in a Monte-Carlo based humerical
procedure. The model can effectively evaluate the expected annual energy
production for different averaging periods and confidence intervals. However, the
main issue is that the level of uncertainty in the assessment of wind energy

potential can be reduced with detailed wind data, which is sometimes difficult to
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come by. They may be included, as characteristics of individual wind resources

found from short-term measurements in site, in terms of probability parameters.

In the same way, [42] presents a comparison between two methods used for
estimating the annual energy production (AEP) for a 60 MW installed power wind
farm based on real data recorded during the year 2014 in the Nord-East Region of
Romania. The first method supposes a direct estimation of the energy production
that does not imply any statistical distribution assumptions, being based on
recorded data and the wind turbines power curve; while the second one is based
on the Weibull distribution of the wind speed, considering linear and quadratic
models to model the power curves. For this study, wind speeds were measured
using a meteorological station. The wind speed values corresponding to the hub
heights of the considered turbines were determined based on the power law
expression for the variation of wind speed with height. For the AEP evaluation,
polynomial, linear and quadratic mathematical models are considered. It is shown
that the AEP determined with the polynomial model is the closest to the real
values and is considered as a reference. What is more, for choosing the proper
wind turbine type for a given location, both approaches consider not only the
turbine hub height, rated power, cut-in, and cut-off wind speeds or the shape of
the turbine power curve, but also if the wind speeds are mostly distributed within
the cut-in and rated wind speeds limits. That is why the main disadvantage of
these methods lies when they deal with low wind speeds since the appropriate

mathematical model need to be chosen beforehand to reduce forecasting errors.

2.4 Electricity Markets

The main characteristic of most electricity industries today is a free market on
the sale and purchase of electrical energy, for which the desegregation of the
industry in generation, transmission, distribution, and retail independent parts is
a necessary condition. The activities of transmission and distribution are run by
TRANSCOs and DISCOS respectively as natural monopolies and, as such, regulation
must come into place to set fair tariffs. The activities of generation and retail
parts are open to free-market practices in a competitive environment, as long as

GENCOs and retailers have open access to the transmission and distribution
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networks. An adequate operation of an electricity market requires the following
conditions to be fulfilled [16]:

e Economic efficiency of the electricity industry.

e Self - sustainability of the electricity industry to guarantee the expansion of
the system.

e Operation of the system with a high degree of reliability according to the
quality of the electricity service required by society.

e Universal access to electricity services to people in a society.

To fulfill these market requirements, any electricity industry at least needs to
have an ISO and a Regulator. Besides the ISO already mentioned responsibilities
regarding the operation of the electricity system according to quality and
reliability requirements and to the use of all the energetic resources to operate
the system at a minimum cost, it additionally very often plans the operation of
the system in the medium and short terms and manages the electricity market
determining the economic transactions among market participants and hiring
ancillary services for the safe and economic operation of the system [43].
Planning is a crucial activity that involves forecasting the future demand of the
system, defining the expansion of the network, pointing out the potential
generation projects, and determining the maintenance schedules of electricity

facilities that do not affect the supply of electricity to final consumers.

On the other side, Regulator has the attributions to fix the prices for the use of
services that are captured in a natural monopoly, set the quality standards of the
electricity service, stimulates the economic efficiency of the market, and promote
the universalization of the electricity service. It also controls the evolution of

prices in the market preserving economic equilibrium and fairness.

The fundamental principle of economic efficiency in an electricity market is
valuing the production of electricity using marginal costs or the approximate
incremental cost of supplying and additional MW of electricity demand. [44]. The
way the power flows and losses in a transmission network are handled when

dealing with network constraints allows the identification of two main
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methodologies to remunerate generation and transmission activities and to charge
distribution companies and retailers in the market. Besides the economic concepts
used and the way transmission network is represented, these methodologies
correspond to when the a-priori or a-posteriori solving of economic dispatch and
unit commitment problems take place with respect to the real-time operation of
the system. Since the present dissertation deals with maintenance schedule

planning, the a-priori electricity market model is analyzed.

In this approach, the energy prices are calculated before system operation in real-
time has been made, considering forecasted demand and water inflows, the
availability of generation and transmission facilities, volume of water in
reservoirs, the potential renewable energy generated, the variable generation

costs of GENCOs. The model works as follows:

First, a slack bus in the system is defined as a reference node that is used to
determine the effect of power losses and the system marginal cost. Next,
assumptions are made in the power flow equations so that a DC optimal power
flow can be used to solve the ED problem with the objective function stated in
equation (2.19) and the constraints formulated in equations (2.20). No
consideration is given to reactive power flows and nodal voltages to simplify the
calculations. Later, the dual multipliers related to constraints (2.20a) and (2.20c)
are determined and correspond to the system marginal cost and transmission line
congestion cost, respectively. Dual multipliers are outputs of the linear
programming technique and reflect the sensitivity of the optimal solution towards
a marginal relaxation of the constraints the multipliers are related to. In that
sense, dual multiplier m; represents the increase of the system operation cost for
a marginal increase in the demand of the system at any node. In the same way,
dual multiplier u;, represents the decrease of the system operation cost for a
marginal increase of the maximum capacity of transmission line [. As such, these
parameters have a direct impact on the electricity prices of the nodes
interconnected by transmission lines. Since a marginal increase in the load
involves a marginal increase in losses of the system, the system marginal price is
affected by the penalty factors on each node of the system and, as a result, nodal

electricity spot prices can be expressed as follows [45]:
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[]; = [7]c[NF1; + [uIf[B] (2.22)

Where:
7], Vector of nodal energy prices at time t (USS/MWh)
], System marginal cost vector at time t (USS/MWh)

[

[

[NF]; Vector of nodal penalty factors at time t
[u]; Congestion cost vector at time t (USS/MWh)
[

1]
Bl: Sensibility Matrix at time ¢t

The penalty loss factor in the first term of expression (2.22) represents the effect
that transmission losses have in the electricity prices. It is determined in terms of

the following equation [46]:

afloss .
NFn,t = 1+6_Pfll: 1+22§V=11rlfl,t,8nl y vVt (2.23)

Where:
NF, . Nodal Penalty Factor in node n at time t.

Bt Sensibility Matrix row corresponding to node n.

Economic transactions among GENCOs and DISCOs in a system are determined in
terms of the way the network constraints are handled by the ISO while settling
the market [43]. In general, in a market with nodal electricity prices, the amount
of money that DISCOs expend buying electricity at nodal prices is more than the
money GENCOs receive from selling their electricity generated at those nodal
prices. In that sense, two main approaches are defined to settle the economic

transactions in the market.
2.4.1 Management of the market with marginal price setting

When managing the market under this methodology, the way the optimal power

flow problem is handled is important to define how the economic transactions will

take place. First, unconstrained UC and ED problems considering losses are solved

sequentially to determine the merit order generation dispatch, the unconstrained

system operation cost F}* at a given time t and the nodal electricity spot prices
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[A];. The GENCOs’ revenues R{ and the DISCO’s or retailers’ payments E} are
determined by multiplying the generated or consumed energy by the electricity
spot price of the node through which they are connected to the system. Due to
the power losses, the amount of money paid by DISCOs is greater than the amount
of money received by GENCOs. This difference, or merchandising surplus MS;,
correspond to the revenue of the TRANSCO [43]:

MS, = E¥ — RY Mt (2.24)

Next, the system marginal cost is identified from the dual multiplier m,,
corresponding to the ED problem equality constraint of equation (2.22) related to
demand balance. Then, transmission line capacities are considered, and UC and
ED problems are solved again and the constrained system operation cost Ff
determined. If there are congested lines operating, their associated dual
multipliers u; . will have an impact in the nodal electricity spot prices. As a result,
an extra cost or uplift U, is generated for keeping the system under an optimal

and secure operation:

Ut = FtC - Ftu ;\7‘ t (2.25)

This cost is allocated to each DISCO or retailer in a proportion y to its electricity
demand and added to its already defined payments under unconstrained system

conditions to determine adjusted payments [44]:

E., =E} +yU; vt (2.26)
In the same way, GENCOs revenues are adjusted by identifying the units that,
because of the constrained network, were forced to generate extra or less energy
in comparison to the unconstrained system scenario [44]. An extra revenue 4R; is
defined by charging the forced energy at a rate equal to the generation marginal

cost of the corresponding units and it is added to their already found revenues:

R; = R} + AR; Mt ¥ (2.27)
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Finally, to check that the allocation of economic resources among utilities in the
electricity market has been done correctly, the final balance of the transactions

must equal zero [44]:
Balance; = E{ =R —MS; + U, =0 vt (2.28)

The main drawback with this market transaction approach is that for any
congestion, the uplift determined is shared by all loads in proportion of their
values, no matter if they are or not responsible for network congestions in any

part of the network.

2.4.2 Management of the market with nodal electricity prices

setting

In this approach, constrained UC and ED problems are solved and the nodal
electricity prices are determined. GENCOs are remunerated and DISCOs pay for
electricity according to an electricity spot price p, ; at node n, through which they

are connected to the network:

Ry = Z;V=t1 Pjifn,t + 3 Pi’,ltTn,t vt (2.29), E =Yn Pr‘zi,tTn,t vt (2.30)

jen ien

Since the nodal electricity prices can be decomposed as shown in equation (2.22),
the merchandising surplus MS; or revenue of the TRANSCO can be found as shown
in equation (2.31) [43]:

MS, = 3%, F])':gtﬂtNFn,t + Nl Pl NFy e — Yoy PNy 5%t (2.31)

jen ien

The congestion cost or uplift can be also determined by finding the amount of

money that DISCOs are charged by this concept:

Us = Zyil Pj:gt(ﬂl,tﬁl,t)n,t + 2?’=h1 Pi},lt(lll,tﬁl,t)n,t — =1 Prcli,t(.ul,tﬁl,t)n,t Vit (2.32)

jen ien
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Finally, to check that the allocation of economic resources in the electricity

market is done correctly, the final transactions’ balance must equal zero [43]:

Balance; = E; — Ry — (MS; + U;) =0 vt (2.33)
It is important to realize that the uplift cost collected from the consumer
payments is not allocated to the TRANSCO, any GENCO, and neither to the ISO
since this will generate a perverse incentive in the market to make extra income
from congestions. This surplus is collected separately so that it can be invested in

transmission facilities to solve congestions problems.

2.5 Multi-Objective Optimization Problems (MOOP)

2.5.1 Definition

A MOOP represents an optimization problem that has two or more conflicting
objective functions, that need to be optimized simultaneously, and their
corresponding set of constraints. As such, it can be represented mathematically
as show in equations (2.34) and (2.35) [47]:

Min/Max f;,(x;) ;o m=1,2,3,..... M (2.34)
subject to: g;(x;) =0 ;0 j=1,2,3,.....,p (2.35a)

XM < x < xM* i=1,2,3,...,1 (2.35¢)
Where:

fm Objective function m of decision variable x;

gj(x;) Inequality constraint j as a function of decision variable i
h;(x;) Equality constraint j as a function of decision variable i
X; Decision Variable i

x"**  Maximum Value of decision variable i

x™"  Minimum Value of decision variable i

M Total Number of Objective Functions

] Total Number of Inequality and Equality Constraints

)

Total Number of Decision Variables
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The solution space S of the problem is defined as all the possible values that the

decision variables can have within their stated limits:

Ss={x; € R: XM < x; < XM 1 =1,2,3, e, 1} (2.36a)
The feasible solutions space vector X is defined as the set of values of the decision

variables that fulfil all the constraints stated in the optimization problem:

xi € R g;i(x))=0 ; j=123,....,p
Mt < <X i=1,2,3,.,1

Thus, the different objective functions values inside vector F(X) in a MOOP will

depend on the values of each decision variable inside a feasible solution set:

f) = {1, (X)), 3(X), ... fin (X) } (2.36¢)

Since the objective functions inside vector f(X) are conflicting with each other,
a MOOP does not have just one single optimal solution, but a set of feasible
solutions that represent the trade-offs or good compromises among the different

objective functions.
2.5.2 Pareto Optimal Set

For a given set of feasible solutions X; € R/, the objective vector F(X;) =
{fi(XD), ... fin(Xy) } is Pareto optimal if there is no vector X, € R’ such that [49]:

o fn(Xy) < fn(Xy) foralm=1,23,.....M
e there exists at least one m € {1,2,3,....,M} with f,,(X,) < f,,(X;)

The concept states that the solution of a MOOP is Pareto-optimal if there exists
no other feasible solution which would decrease and objective without causing an
increase in at least one other objective [48]. The set of all solutions with Pareto-

optimal objective vectors is called the Pareto-optimal set.
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2.5.3 Non-Domination Definition
Any MOOP works with a population of Np candidate solutions or individuals:
X ={X0, X5, Xz, . Xpy . Xy} (2.36d)

If there are two feasible solutions vectors X; and X, € R! in a population of Np

individuals, then X; dominates X,, X,>X,, if the next conditions are met [49]:

o fn(Xy) < fnX,)foralm=1,23,.....M
e there exists at least one m € {1,2,3,....,M} with f,,,(X;) < fi(X3)

Solution X; is non-dominated if all its objectives are better than those of X, or
when at least one objective of X; is not worse than any objective of X, [48]. The
first front generated by this procedure is the Pareto-optimal set. Following this
criteria, further classifications or ranking of other solutions can be performed
considering non-domination among their objective functions, so that feasible
solutions can be split into further sets or ranks classifying them from the best
Pareto-set to the worst. Figure 2.9 illustrates these concepts for a MOOP with two

minimization conflicting objective functions and two decision variables.

Sox)

X, (minimize)

feasible
objective
pspace
./_\\ A
B 3th Front
£ 2nd Front

decision B ;
space //_\_ Pareto-optimal front
/ .\ C
/ .

feasible

- >
Pareto-optimal solutions I Jix)

(minimize)
Figure 2.9 Pareto Optimal front of a MOOP with two objective functions and two

decision variables.

The plot of the objective functions whose non-dominated solutions are in the
Pareto-optimal set is called the Pareto-optimal front. The Pareto-optimal set

contains the solutions of a MOOP and gives the decision-maker a picture of the
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nature and the characteristics of the problem to undertake a decision-making

action in the future to choose the best solution.

2.5.4 Approaches to solve a MOOP

The approach used to solve a MOOP largely depends on the type of variables and
the convexity of the problem itself. In the case of the present thesis, the GTMS
optimization problem is non-convex in nature. With this kind of problem, it
becomes increasingly important to escape the local optima, in search of the global
optima, where classical solution techniques easily get stuck. Therefore, certain
metaheuristic multi-objective Evolutionary Algorithms (MOEA) techniques became

a suitable approach to solve the problem.

These approaches work following the principle of operation of Genetic Algorithms
(GA) [50]. A GA is a metaheuristic inspired by the process of natural selection that
belongs to the Evolutionary Algorithms family (EA). It relies on genetic-inspired
operators, such as mutation, crossover, and selection that are applied to every
individual n inside a population of size Np so that they can evolve towards the
Pareto-optimal set of solutions. The quality of a MOEA is evaluated in terms of the
convergence of the solutions found towards the true Pareto-front and their

diversity along that front.

According to [51], MOEAs are classified into different categories according to the
elitism present in the methodology and when the preference of the objectives

take place during the solution process, shown in Figure 2.10.

In MOEAs a-priori techniques, the decision-maker gives his preference to the
objectives before the actual optimization takes place [52]. Some of the technique
that fall into this category are Weight-based GA (WBGA), Goal Programming, Non-
linear approaches, and Fuzzy Logic methods. WBGA scalarize the objective
functions and maintains multiple weight vectors to find multiple Pareto-optimal
solutions in one simulation run. It gives a weighted value to each objective
function and accumulates them as a fitness value. Even though it is a simple

approach, WBGA is useless against non-convex MOOP. Fuzzy logic techniques allow
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the quantitative representation of multi-objective decision-making problems
which have vague objectives and parameters. As such, they are well-suited to
situations where alternatives must be assessed by using criteria that are subjective
and of unequal importance. In goal programming (GP) approach, the objectives
are formulated as goal criteria that the decision-maker wants each objective to
possess. The criteria can be formulated considering objectives to be greater, less
than or equal to a utopian solution. The GP problem is to find solutions whose

criterion vector best compares with the utopian point.

Multi-objective Evolutionary Methods
(MOEA)

| A-priori | IPrugressive I

|ng?a°rz'mng| | n?;ﬁg“d | |VEGA | | PAESl | PESA | MOPS0 |

r==---
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Figure 2.10 Multi-objective Evolutionary Algorithms Techniques.

Progressive methods allow the decision-maker to indicate the preferences for the
objectives as the search moves and the decision-maker learns more about the
problem [53]. Some techniques included in this category are the Random
Weighted Genetic Algorithm (RWGA), STEM method, and Multi-Objective Genetic
Algorithms (MOGAs). The STEM method is based on minimizing the Tchebychev
distance from the ideal point to the criterion space. The parameters of the
distance formula and the feasible space can be changed by a normalized w